The human transcription factor TFIIH is a large complex composed of 10 subunits that form an intricate network of protein-protein interactions critical for regulating its transcriptional and DNA repair activities. The trichothiodystrophy group A protein (TTD-A or p8) is the smallest TFIIH subunit, shuttling between a free and a TFIIH-bound state. Its dimerization properties allow it to shift from a homodimeric state, in the absence of a functional partner, to a heterodimeric structure, enabling dynamic binding to TFIIH. Recruitment of p8 at TFIIH stabilizes the overall architecture of the complex, whereas p8's absence reduces its cellular steady-state concentration and consequently decreases basal transcription, highlighting that p8 dimerization may be an attractive target for down-regulating transcription in cancer cells. Here, using a combination of molecular dynamics simulations to study p8 conformational stability and a >3000-member library of chemical fragments, we identified small-molecule compounds that bind to the dimerization interface of p8 and provoke its destabilization, as assessed by biophysical studies. Using quantitative imaging of TFIIH in living mouse cells, we found that these molecules reduce the intracellular concentration of TFIIH and its transcriptional activity to levels similar to that observed in individuals with trichothiodystrophy owing to mutated TTD-A. Our results provide a proof of concept of fragment-based drug discovery, demonstrating the utility of small molecules for targeting p8 dimerization to modulate the transcriptional machinery, an approach that may help inform further development in anticancer therapies.
The human transcription factor TFIIH is a large complex composed of 10 subunits that form an intricate network of protein-protein interactions critical for regulating its transcriptional and DNA repair activities. The trichothiodystrophy group A protein (TTD-A or p8) is the smallest TFIIH subunit, shuttling between a free and a TFIIH-bound state. Its dimerization properties allow it to shift from a homodimeric state, in the absence of a functional partner, to a heterodimeric structure, enabling dynamic binding to TFIIH. Recruitment of p8 at TFIIH stabilizes the overall architecture of the complex, whereas p8's absence reduces its cellular steady-state concentration and consequently decreases basal transcription, highlighting that p8 dimerization may be an attractive target for down-regulating transcription in cancer cells. Here, using a combination of molecular dynamics simulations to study p8 conformational stability and a >3000-member library of chemical fragments, we identified small-molecule compounds that bind to the dimerization interface of p8 and provoke its destabilization, as assessed by biophysical studies. Using quantitative imaging of TFIIH in living mouse cells, we found that these molecules reduce the intracellular concentration of TFIIH and its transcriptional activity to levels similar to that observed in individuals with trichothiodystrophy owing to mutated TTD-A. Our results provide a proof of concept of fragment-based drug discovery, demonstrating the utility of small molecules for targeting p8 dimerization to modulate the transcriptional machinery, an approach that may help inform further development in anticancer therapies.
The general transcription factor TFIIH is a multisubunit complex essential for both transcription by RNA polymerase II and nucleotide excision repair. The seven subunits of the TFIIH core complex (p32, p44, p52, p62, XPD, XPB, and p8) plus the three subunits in the cyclin-activating kinase subcomplex (MAT1, Cdk7, and cyclin H) are assembled to constitute the molecular architecture of TFIIH (1) . A deregulation in the network of protein-protein interactions within the complex can seriously alter structural integrity and cellular activities of this factor (1) (2) (3) . In particular, p8 (also named trichothiodystrophy group A (TTD-A) 4 ), the smallest and most recently discovered subunit of TFIIH, participates in the regulation of its steadystate level and of its DNA repair activity (4) by stabilizing TFIIH upon DNA damage (5) .
A specific feature of the p8 subunit (Tfb5 in yeast) is that it is found in two distinct kinetic pools: (i) a free fraction shuttling between the cytoplasm and the nucleus and (ii) a TFIIH-bound fraction, which is exclusively nuclear (6) . In line with this, p8 displays self-association properties that allow the protein to form a homodimer in solution in the absence of functional partners (7) while it shifts from homo-to heterodimer for associating with the p52 (Tfb2 in yeast) C-terminal domain in the TFIIH core complex (8) . This transition enables recruitment of p8 into TFIIH, which governs the maintenance of TFIIH architecture and stability (9) and regulates its repair activity at UVinduced DNA damages (10, 11) . In particular, the interaction between p8 and p52 up-regulates the ATPase activity of the XPB helicase (7) . Recent cryo-EM studies revealed that p8 would act as a structural bridge between p52 and the helicase XPB (2) .
Mutations in the p8 (TTD-A) gene cause the human syndrome trichothiodystrophy (TTD), one of the three photosen-sitive TFIIH-related syndromes that lead to severe premature aging. In cells isolated from the TTD-A patients (carrying mutations in p8) and the TTD-A knockout mouse model (complete deletion of the p8 gene), both transcription and DNA repair activities are severely affected, which may be explained by dramatically reduced steady-state levels of TFIIH (10, 12, 13) . Remarkably, TTD-A patients, despite a high photosensitivity and a defect in DNA repair, do not develop skin cancers, unlike patients suffering from other nucleotide excision repairdeficient diseases, such as xeroderma pigmentosum. Interestingly, DNA repair function in TTD-A cells is not completely abolished but just slowed down (3, 14) . Thus, the combination between a decreased DNA repair capacity and a reduced transcriptional activity, as observed in TTD-A patients, may explain the absence of sun-induced skin cancers.
In this work, we considered the dimerization interface of p8 as a "druggable" target for which, to our knowledge, no inhibitor has been described so far. With the aim to design molecules that destabilize the homodimer structure of p8 and alter its recruitment into TFIIH, we applied a fragment-screening strategy combined with quantitative imaging in living cells. Two small compounds were retained, accounting for significant destabilization of the p8 dimerization interface with a noticeable effect on concentration and transcription activity of TFIIH. Altogether, our approach validates the potential of targeting, with small molecules, transcription factor dimerization motifs (15) and offers p8 as an alternative pharmacological target that could be considered for an effective modulation of transcription.
Results

Selection of fragments potentially targeting dimerization interface
Before screening and in order to investigate the conformational stability of the human p8 subunit (Tfb5 in yeast) in the absence and presence of its functional partner, we performed molecular dynamics (MD) simulations by considering the solution structure of human p8 (7) and the crystal structure of the yeast complex formed between p8 (Tfb5) and the C terminus of p52 (Tfb2C) (10) . As previously underlined, the two structures display a common fold due to conserved topology between Tfb5 and Tfb2C ( Fig. 1) (8, 10) . To provide a detailed view of the intermolecular persistent contacts, we followed the pairwise interactions between the two chains of the homodimer of p8 (below 3.5 Å for distances between atoms of each molecule) during the simulation, as described previously (16) , and found that contacts involving residues Val 2 , Val 4 , Leu 5 , Val 8 , and Leu 9 at the dimerization interface of p8 (and residues Ile 452 -Gln 11 , Tyr 454 -Leu 9 , Gly 456 -Gly 7 , Leu 458 -Arg 5 , and Ser 460 -Arg 3 in the heterodimer Tfb5-Tfb2C) are present in more than 90% of the MD trajectory frames ( Fig. 1 and Fig. S1 ). Phe 44 was previously reported as critical in dimer stabilization (7) . In almost 100% of the MD trajectory frames, close contacts were observed between ⑀ aromatic protons of Phe 44 from each chain, illustrating the importance of this amino acid on dimer stability.
Both structures (p8 and Tfb5-Tfb2C) were used as targets for virtual screening of more than 3000 fragments provided by the Zenobia Therapeutics fragment library, the Enamine Golden fragment library, and our in-house molecules ( Fig. 1c) . Each docking provided a list of top 10 ligands with respect to the scoring function of AutoDock Vina. To select, among the topranked compounds, those that mainly occupy sites at the dimerization motif of either p8 or Tfb5-Tfb2C, a cut-off distance of 6 -10 Å between ligands and dimerization interface was applied.
To perform experimental validation, fragment solubility in aqueous solution was first assessed by recording 1 H NMR spectra of ligands using 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) as NMR standard at a concentration of 100 M. Signal intensity for each ligand was compared with that of DSS, providing an estimation of ligand concentration in the protein buffer (1% DMSO-d 6 ; see "Experimental procedures").
The ligands displaying poor solubility (Ͻ0.1 mM) were excluded from the validation assays. At this stage, 16 compound candidates (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) were retained for the experimental validation phase ( Fig. 1c and Table 1 ).
Two fragments turned out to destabilize the dimerization interface of p8
Taking advantage of the protein-protein interface preserved in the homodimer and heterodimer states, we sought to consider the p8 homodimer for experimental validation and biophysical assays. Fresh samples of recombinant protein were submitted to fluorescence-based thermal shift assays, also known as differential scanning fluorimetry (DSF), to examine the thermal stability of p8 in different buffers and varying salt concentrations. Heat denaturation of protein generally involves a change in its structure (thermal unfolding) and exposition of its hydrophobic residues. The DSF method takes advantage of this property by using an environmentally sensitive fluorescent dye, which exhibits high fluorescence when bound to the exposed hydrophobic residues upon protein thermal unfolding. Regardless of the tested conditions, p8 appeared highly stable, displaying elevated temperatures of unfolding (T m ) above 70°C. In all tested conditions, the protein displayed a single melting transition, indicating a clear cooperative unfolding mechanism ( Fig. 2a ). SEC-MALS experiments gave a calculated average molar mass of 15,530 Ϯ 120 g⅐mol Ϫ1 (Fig. 2b ). Moreover, NMR 15 N, 1 H TRACT experiments (17) were used to determine an overall rotational correlation time ( c ), leading to a value of 10.9 ns ( Fig. 2c ), compatible with a 16-kDa protein at 25°C. Therefore, p8 behaves like a dimer in solution, consistent with previous data (7) and particularly stable. The mutant F44A gave a much lower value of c (6.1 ns), incompatible with dimeric species, probably reflecting the presence of monomer in solution ( Fig. 2d ). A unique melting transition centered at 55°C was observed (compared with ϳ88°C for the WT in the same buffer), suggesting a lower thermal stability for this species with respect to the WT p8 protein ( Fig. S2a ).
By using DSF, a binding can be inferred when the melting temperature of the protein changes in the presence of a ligand relative to that of the protein in the free state (18) . If a ligand stabilizes (or destabilizes) the three-dimensional fold, a positive (or a negative) change in the inflection point of the transition (increase or decrease of the T m ) will be observed. Because ligands were diluted 100-fold to assay buffer from 100 mM Targeting TTD-A to reduce transcription DMSO stock solutions, the effect of increasing DMSO concentrations on protein thermal stability was first investigated. Only marginal shifts were observed for DMSO concentrations below 5% (v/v). Whereas the majority of the tested compounds did not alter the value at which p8 unfolds, four fragments (compounds 3, 5, 6, and 12) decreased the T m by more than 2°C compared with the DMSO control, suggesting an interaction with p8 ( Fig.  3 , a-c). Because compounds were initially selected for their capacity to occupy preferential sites on the dimerization interface of p8, the decrease in T m values suggests that these four fragments would destabilize the homodimeric state (19) . To complete the validation stage, we next employed the saturation transfer difference NMR (STD-NMR) approach (20) . Upon saturation of the protein methyl resonances, the saturation prop-agates to the other protein protons by spin diffusion. Ligands that bind to the protein are then saturated by intermolecular saturation transfer and fast ligand exchange, giving rise to proton signals in a difference spectrum between the unsaturated and saturated spectra. To ensure that the STD signals are protein-dependent, a control experiment was performed for each ligand in the absence of protein (red spectrum, Fig. 3d ). Saturation transfer efficiency was estimated from observation of resonance intensity enhancements in NMR aromatic regions compared with control experiments without protein. The majority of the evaluated candidates did not provide any significant intensity enhancement except for compound 12 (Table 1) . Special care was also given to compounds 3, 5, and 6, which induced noticeable protein thermal shift in DSF assays ( Fig. 3a ). Left, solution structure of the human p8 homodimer (PDB code 2JNJ). The two monomers are depicted as green and gray ribbon, and their secondary structure elements are indicated. Right, the same view highlighting as blue spheres the residues located at the interface between the two monomers. b, schematic organization of p8 (residues 1-71, Tfb5 in yeast) and p52 (residues 1-513, Tfb2 in yeast) proteins. Gray boxes in p52 indicate the two regions that participate in the binding with the XPB helicase, whereas the orange box indicates the region of interaction with p8. Right, structure of p8 with the same color code as in a was superimposed onto the crystal structure of the Tfb5-Tfb2C complex (Tfb5 in green and Tfb2 in orange). Both structures could be superimposed for 67 atoms with a root mean square deviation value of 5.8 Å. c, flow chart showing the different steps of the screening process used in our work. Table 1 Chemical structures of the compounds selected for the experimental validation Chemical structure and results of analysis of DSF or NMR assays are given for each fragment (ϩ/Ϫ). Energy values (in kcal⅐mol Ϫ1 ) corresponding to the score provided by the scoring function of AutoDock Vina are given. Bold boxes indicate compounds 17-19 that derive from compound 12 in a second round of screening.
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However, none of them resulted in significant saturation transfer efficiency compared with control experiments without protein, reinforcing the importance of combining two biophysical techniques for avoiding selection of false positives (Fig. 3b ). Spironolactone (compound 16) was previously reported to target the XPB subunit of TFIIH (21) . Our studies showed that this compound did not induce protein thermal shift or STD intensity enhancement, revealing no binding with p8 (Table 1) .
On the other hand, compound 12 led to noticeable intensity enhancement in STD experiments (Fig. 3d ). This fragment significantly decreased the T m value of p8 (more than 5°C), thus displaying an important negative effect on protein stability ( Fig.  3a ). Furthermore, an additional melting transition between 30 and 40°C was observed, probably corresponding to the melting temperature of monomeric species. Taken together, these results revealed that compound 12 binds to p8 and targets the homodimer interface, which may result in equilibrium between monomeric and dimeric species in solution ( Fig. 3c ).
To investigate whether chemical derivatives of compound 12 could lead to the same or better behaviors, we selected three more ligands, namely 2-phenylphenol (compound 17), 3-phenylphenol (compound 18), and 2-phenyl-1,4-benzoquinone (compound 19), and evaluated their capacity to bind p8 using the same biophysical approaches (Table 1) . Whereas compounds 17 and 18 did not induce any change in the T m value of the protein, compound 19 strongly decreased the temperature at which p8 unfolds ( Fig. 3 , a and c). More interestingly, the addition of the compound at a concentration above 250 M resulted in a unique and broad signal centered at 40°C ( Fig. 3c , purple line). Therefore, compound 19 corresponding to the fully oxidized form of compound 12 dramatically impacts protein stability and might lead to a complete dissociation of homodimeric species (Fig. 3e ). Thus, the predominant species in solution would be monomers, displaying a much lower melting temperature than dimeric species.
Having identified compounds 12 and 19 as decreasing the stability of the p8 homodimer interface, we next used 2D 1 H-15 N NMR HSQC experiments and chemical shift perturbation (CSP) to characterize their binding site in solution ( Fig. 4 ). Compound 12 was added to the 15 N-labeled p8 sample at molar ratios ranging from 0 to 5. Upon the addition of the ligand, several residues (Met 1 -Leu 5 , Gly 7 -Ile 10 , Ile 35 , and Val 43 ) exhibited either chemical shift changes or peak broadening ( Fig. 4) . These residues map the ␤-sheet region, which displayed a surface area of ϳ250 Å 2 , at the interface between the two monomers of p8. In parallel, we performed docking to predict binding poses of this compound in the structure of p8 homodimer. A cluster of significant top-ranking poses was found at the interface between the ␤-sheet and helices ␣1-2, where the compound was predicted to give polar contacts with Val 4 of one monomer and Gln 54 of the other monomer ( Fig. 4b ). To determine the constant of dissociation, STD experiments were car- 
ried out using increasing concentrations of compound 12 (250 M to 4 mM), leading to a rather modest constant of dissociation in the submillimolar range (K d ϭ 172 Ϯ 65 M) ( Fig. S7 ). In the same manner, a titration experiment was performed with compound 19 by recording a series of 2D 1 H-15 N NMR HSQC experiments of p8 with increasing concentrations of ligand. As the concentration of compound 19 increased, severe line broadening was observed until the limit of detection for several residues (Figs. 4 and 5). Furthermore, beyond a ligand concentration of 300 M (twice the protein concentration), severe partial protein unfolding occurred (Fig. 5a ). This result was not observed with any of the other tested compounds. Attempts to determine the rotational correlation time of the protein in the presence of compounds 12 and 19 gave c values of 12.5 and 19 ns, respectively (Fig. S2 ). The high c value suggests that compound 19 could promote protein aggregation. This precluded the estimation of a K d for this compound using STD titration, although DSF titration results are in favor of higher efficacy compared with compound 12 (Fig. 3 ). Compound 10, which did not induce protein thermal shift or STD enhancement ( Fig.  3) , was chosen as a negative control for subsequent studies. As compounds 12 and 19 are predicted to fall into the category of pan-assay interference compounds (22, 23) , which may react with proteins, top-down nano-LC mass spectrometry (LC-MSMS) experiments were performed to check this possibility and to localize the potential covalent attachment to the p8 protein (Figs. S3-S5). At protein and ligand concentrations used for DSF assays, no adduct formation was observed with compounds 12 and 19 even after 12 h of incubation (protein/ligand ratios of 1:1 and 1:2; Fig. S4a ). Similarly, NMR spectra of the ligands recorded during chemical shift perturbation assays were unchanged, showing that the ligand remained stable dur- Table 1 ). c, DSF melting curves of p8 dimer upon the addition of compounds 10 (left), 12 (middle), and 19 (right). Increasing concentrations of compounds (0.1 (orange), 0.25 (purple), and 0.5 mM (red)) were added to protein samples (70 -90 M) in buffer consisting of 50 mM Tris-HCl, 150 mM NaCl, and 0.25 mM TCEP at pH 7.5. Green and blue lines indicate DSF curves obtained for the compounds (0.5 mM) and p8 alone, respectively. d, 1 H NMR spectra of aromatic regions of the compounds (blue) and STD spectra recorded for the compounds in the absence of protein (red) and in the presence of 10 M of protein (green). The compounds were present at 1 mM concentration in phosphate buffer. The broader lines observed for compound 19 may arise from the formation of a covalent adduct with p8 (see Figs. S3 and S4). e, schematic drawing illustrating the effect of the three compounds 10, 12, and 19 on p8 dissociation; compound 10 has no effect, compound 12 leads to partial dissociation of the p8 homodimer, and compound 19 promotes complete dissociation leading to monomeric species in solution. At high protein/ligand ratios (Ͼ10) and upon long incubation times, compound 19 can form a covalent adduct with p8 that also destabilizes p8 (see Figs. S3 and S4).
ing these experiments. However, at high protein/ligand ratios (1:10 and 1:100), a specific covalent adduct was observed in the presence of compound 19 (C19), due to a nucleophilic addition of the Cys 14 thiol side chain onto the C19 double bond (Figs. S3 and S4) (24) . The kinetics of adduct formation was slower for C12 than for C19, and the molecular mass increase (184 Da) was the same in both cases, indicating that the reacting species is C19 in both cases (C12 is known to be slowly air-oxidized into C19), as shown in Fig. S4b . In line with this, we could notice changes in the spectra recorded for compound 19 in the absence and in the presence of p8, reflecting chemical modification of this ligand after incubation with p8 ( Fig. S8) .
In cellulo TFIIH stability
Before testing the impact of the candidate molecules on TFIIH concentration and to estimate the timing of the biolog-ical experiments, we measured the stability of TFIIH in living cells. For this purpose, we used cells isolated from two mouse models. One of these models endogenously expressed a fluorescently tagged version of TFIIH. Specifically, the XPB subunit of TFIIH was fused with the fluorescent marker YFP (XPB-YFP ϩf/ϩf ) (25), allowing a direct measure of the amount of XPB, and because XPB is only present within the TFIIH complex (26) , this fluorescence is also a measure of the TFIIH steady-state level. Hereafter, cells isolated from this mouse model will be designated as XPB-YFP cells. This mouse model was crossed with a TTD-A knockout mouse model (13) , creating a new mouse model that expresses a fluorescent TFIIH mutant complex (fluorescent XPB subunit and absent TTD-A: XPB-YFP. TTDA Ϫ/Ϫ ). Cells isolated from this mouse model will be designated as XPB-YFP TTDAϪ/Ϫ ). Like the TTDA Ϫ/Ϫ knockout mouse model, the XPB-YFP.TTDA Ϫ/Ϫ mouse model was , table summarizing the residues of p8 whose resonances are perturbed either in the Phe 44 mutant (underlined residues; p8-F44A (i) (7) and p8-F44A (j) (our work)) or by heat (i) (7) or upon the addition of compounds 12 and 19 to the WT protein. Secondary structures are indicated above the p8 sequence.
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embryonically lethal before day 13.5, and the only cells that could be isolated from it were embryonic stem (ES) cells at day 3.5 and mouse embryonic fibroblasts at day 10.5.
To measure the stability of TFIIH, we treated with cycloheximide (an inhibitor of protein synthesis) XPB-YFP ES cells and XPB-YFP chondrocytes and visualized the reduction of the XPB protein either by Western blotting (Fig. 6, a  and b) or by direct imaging of the fluorescent XPB signal (Fig. 6c ).
Our results showed that TFIIH degradation can take up to 72 h in ES cells and longer in chondrocytes, and that reduction of TFIIH steady-state levels can be easily visualized in living ES cells by confocal microscopy (Fig. 6 ).
Compounds 12 and 19 reduce TFIIH steady-state and transcriptional activity
We first treated XPB-YFP ES cells and chondrocytes with compounds 10 and 12, and we observed that concentrations above 3 M of compound 12 induced a cytotoxic effect compared with compound 10 (used as negative control). Because of this cytotoxicity, we decided to test concentrations below 3 M, where cells were treated for 5-10 days to measure both TFIIH Figure 5 . Partial unfolding of p8 in the presence of compound 19. a, 1 H-15 N HSQC spectra recorded for p8 in the presence of increasing concentrations of compound 19, revealing gradual alteration of the quality of NMR spectra until partial protein denaturation for protein/ligand ratios exceeding 1:1.8. b, cartoon representation of the homodimer structure of p8 mapping positions of residues exhibiting severe line-broadening until the limit of NMR detection (orange) in the presence of compound 19, shown as an orange sphere (predicted binding pose obtained from docking).
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steady-state level and transcription. A clear reduction of the TFIIH steady state could be observed already after 5 days posttreatment with 3 M compound 12 but not with compound 10 (Fig. 7a and Fig. S6) . A longer incubation time was needed to observe a reduction with 1 and 2 M concentrations of compounds ( Fig. S6 ). We then tested compound 19 and measured that at a longer treatment time (10 days), and a strong reduction of the TFIIH steady-state level was observed (Fig. 7b) . This TFIIH reduction level corresponded to a reduction in transcriptional activity measured by RNA synthesis 5-ethynyl uridine incorporation (Fig. 7c) , showing that compound 19 has a stronger effect in destabilizing the TFIIH complex and in reducing transcriptional activity compared with compound 12. This reduction is not as high as the one observed in TTD-A mutant cells (isolated from human patients) and TTD-A knockout cells (isolated from knockout XPB-YFP.TTDA Ϫ/Ϫ mice). In the latter cells, p8 is completely absent, and consequent to this absence, the amount of TFIIH is about 30% lower than in WT cells.
Discussion
It is widely acknowledged that high levels of transcription are required to maintain a proliferative state in cancer cells; there-fore, targeting transcription factors constitutes an interesting way to directly modulate transcription activity in cancer treatment (15) , and this approach has led to some success stories (28 -31) . In this context, TFIIH has been established as an important target for cancer therapy (32) , and the network of protein-protein interactions (PPIs) present in this transcription factor appears to be a promising class of drug targets.
In the last decade, the fragment-based drug discovery approach has emerged as a successful method for the design of low-affinity ligands that target PPIs, providing efficient starting points for the development of higher-affinity inhibitors (33) (34) (35) . Although this approach to target PPIs is particularly challenging compared with more canonical and "druggable" protein targets (36 -38) , its success relies on chemically relevant lowmolecular weight fragments together with sensitive and robust biophysical techniques for screening and detecting small-molecule drug candidates (39, 40) . Here, we performed DSF and ligand-based NMR spectroscopy, which have proven to be efficient for the identification of weak binders, such as fragments (41) (42) (43) , and we applied quantitative imaging of TFIIH in living cells to validate the promising candidates. 
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Our work provides evidence that the TTD-A/p8 subunit of TFIIH is a pharmacological target of high potential. Although in the cellular context, there is no evidence that it can dimerize (11) , our work indicates that the integrity of the dimerization interface of p8 is critical for TFIIH transcription activities. We identified two compounds that target the dimerization interface of p8. One of them, compound 19, dramatically destabilizes the subunit and promotes partial protein unfolding and aggregation. As for compound 12, it is able to destabilize the homodimer, which probably leads to an equilibrium between monomeric species and dimers in solution. Interestingly, most of the chemical shift changes caused by binding of this compound to p8 involve residues located at the protein-protein interface that were previously shown to be affected when the conserved Phe 44 was substituted into alanine, as found in TTD-A patients. Previous 15 N experiments suggested that this mutation shifts the p8 population toward monomeric species in solution (7) .
Our results indicate that p8 in its monomeric form is less thermostable in solution compared with dimeric species (an unfolding temperature of 40°C indicates that at physiological temperature, about half of the protein is folded and half denatured). We previously reported that p8 is present in two distinct kinetic pools and navigates between a free form and a fraction bound to TFIIH (6), where it interacts with p52 and XPB subunits (5) . The dimerization interface of p8 would serve as a scaffold to exchange partners during homo-to heterodimerization of p8 for its incorporation into TFIIH (7, 10, 11) . Furthermore, we demonstrated the interaction between p8 and p52 in vivo using a tripartite split-GFP system (11) , showing that the structural integrity of p8 is essential for its interaction with p52 and consequently for TFIIH activities. It is therefore conceivable that by thermally destabilizing p8 and by shifting the equilibrium toward monomeric species, less stable in solution, compounds 12 and 19 may shorten the lifetime of p8 in vivo and alter its recognition with p52 and consequently its incorporation into TFIIH. More drastically, compound 19 promotes important protein denaturation, probably resulting in low concentration of folded and active p8 protein. Considering the structural mimicry between p8 homodimer and p8/p52C heterodimer, the two promising compounds may also affect the stability of p8/p52C heterodimer. 
Compounds 12 and 19 turned out to give a decrease of TFIIH concentration levels of 30 -50% in vivo. Similar reduction in steady-state levels of TFIIH was observed in cultured cells from TTD-A patients (4, 12) . Furthermore, our results indicated that after 10 days of treatment, transcriptional activity was reduced with a more pronounced effect when cells were treated with compound 19 (ϳ30%). This finding shows that these two compounds are able to promote significant reduction in transcriptional activity, as it is observed in the cells lacking p8 or in TTD-A cells (12, 13) . Compound 12 (2-phenylhydroquinone) is a metabolite of ortho-phenylphenol by cytochrome P450 that was shown to induce cell cycle arrest and apoptosis (44, 45) . The mechanism of its carcinogenic effect is unknown, and no link with TFIIH and transcription complex has been described previously for this compound.
Compound 19 was shown in vitro to bind specifically to p8 and to form a covalent adduct at long incubation time. Considering that the dissociation constant of the noncovalent complex is well above the in vivo concentrations, the activity in vivo may be due to the covalent adduct. This covalent adduct is formed specifically on Cys 14 (it should be noted that none of the lysine residues reacted with compound 19, Figs. S3 and S4 ). This reaction was observed (both by NMR and MS) to destabilize p8 dimer and cause its precipitation in vitro. Both mechanisms, covalent and noncovalent binding, lead to the same effect, the reduction of functional TFIIH concentration. Furthermore, it is likely that compound 12 exerts its in vivo activity after oxidation into compound 19. In a way, compound 12 could be described as a "prodrug" capable of slowly delivering the oxidized product, compound 19, acting as killer of p8 in vivo.
Conclusion
In conclusion, using a strategy based on virtual, biophysical, and NMR screening, we have identified two compounds that bind to and may react with the dimerization motif of p8, provoking destabilization of its protein-protein interface and its precipitation. We have previously shown that this subunit of the basal transcription factor TFIIH plays a key role in the steady-state level of TFIIH in vivo. In the present work, using a knock-in mouse model (with endogenous expression of a fluorescent version of TFIIH), we validated the potential of these two fragments to modulate the steady-state level of TFIIH and the cellular basal transcription. These compounds have helped to reveal an original mechanism of action.
In a more general context where tumor cells require high levels of transcription for proliferation and survival, our work demonstrates the potential of small molecules in targeting protein-protein interactions that are critical for basal transcription machinery, opening new perspectives to design modulators of TFIIH-associated transcription. Moreover, our study offers another subunit of TFIIH besides Cdk7 and XPD to be considered as an alternative pharmacological target in cancer treatment.
Experimental procedures
Human p8 was expressed in Escherichia coli with a TEVcleavable histidine tag in its N terminus. Cells were grown either in Luria-Bertani (LB) broth medium or in minimal (M9) medium containing 15 NH 4 Cl. The His tag fusion protein was purified in the first step of affinity chromatography using a nickel-nitrilotriacetic acid column (HiTrap, Amersham Biosciences) followed by dialysis overnight against a buffer consisting of 50 mM Tris-HCl, 150 mM NaCl, 0.25 mM TCEP at pH 7.5 (gel filtration buffer). The protein was further purified on a Sephadex size-exclusion chromatography column (HiLoad 16/60 Superdex 75; Amersham Biosciences) equilibrated with the gel filtration buffer. Cleavage of the histidine tag was performed using TEV protease (AcTEV, Life Technologies, Inc.) for 3 h at room temperature. The cleaved sample was applied on a nickelnitrilotriacetic acid column, and the protein of interest was collected in the flowthrough and concentrated in a final buffer using Vivaspin TM ultrafiltration columns (GE Healthcare). The protein concentration was determined by measuring the absorbance at 280 nm using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific) and an ⑀ value of 1490 M Ϫ1 cm Ϫ1 .
MD simulations were carried out with the program Amber12 and using the all-atom ff03 force field in explicit solvent, represented by the TIP3P water model. A representative structure of the ensemble of NMR structures for the p8 homodimer (7) was used as the initial structure (PDB code 2JNJ) as well as the yeast Tfb5-Tfb2C (p8/p52C) crystal structure (PDB code 3DOM). The tleap module of AMBER12 software (46) was used to create a periodic box containing the complex, six Na ϩ ions, and 25,134 water molecules. The system minimization and the molecular dynamics simulations were performed with the parallel version of the PMEMD module of AMBER12, as described previously (16) . A total of 20 ns of MD were run at 300 K at constant pressure of 1 bar with the atomic coordinates saved every 1 ps. All of the calculations required over 56 CPU hours on an Intel Xeon E5540 at 2.53 GHz.
The fragment libraries were docked against the representative NMR structure of human p8 and the crystallographic structure of yeast Tfb5-Tfb2C. The docking calculations were performed using Autodock Vina version 1.1.2 (47) . The pdbqt coordinates of the proteins were built with the addition of explicit polar hydrogen and Gasteiger partial charges. The grid module of AutoDockTools was used to define the docking active site, by considering either the full structure or the residues located at the interface. The docking studies were performed on human p8, employing either a grid box with sizes of 74, 46, and 50 Å in the x, y, and z dimensions for the full protein or a smaller grid (28, 52 , and 32 Å) restricted to the residues at the interface between the two monomers. The same procedure was used to perform docking against the p8 -p52 complex, with a grid box of dimensions set to 54, 52, and 58 Å in x, y, and z dimensions, respectively. For the interface, a grid box was built with x, y, and z sizes of 13, 15, and 4 Å. The pdbqt files of the fragments were translated into three-dimensional coordinates using the Open Babel version 2.2.3 program (48) . The PDB files of each ligand were prepared, following the procedure described previously (16) . Several fragment libraries were filtered according to physical and chemical criteria such as molecular mass (Ͻ250 Da), clogP (Ͻ2.5), and number of hydrogen bond donors (Ͻ2) while removing non-lead-like compounds and selected. Following these criteria, 678 molecules of
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the Zenobia Therapeutics fragment library, 1500 compounds of the Enamine Golden fragment library, and 978 in-house molecules were used for virtual screening. For each calculation, 10 resulting docking poses were ranked according to the scoring function of Autodock Vina (47) and visualized with PyMOL version 0.99rc6 (49) . Chemical structures were analyzed with MarvinSketch from ChemAxon (Marvin version 6.1.5) and drawn using Chemwindow.
DSF experiments were carried out using a CFX96 real-time PCR detection system (Bio-Rad), and the fluorescence of the SyproOrange dye (Invitrogen Life Technology) as a function of temperature was recorded using the HEX channel (excitation, 450 -490 nm; emission, 560/580 nm). The samples were submitted to a temperature ramp from 20 to 95°C with a heating rate of 0.3°C/min and 0.5°C increments. Data were analyzed using the CFX Manager TM software (Bio-Rad). A total of four measurements were recorded for each condition. The T m value was estimated from the transition midpoint of the fluorescence curve. The stability of p8 was monitored in different buffers distributed in 96-well plates (200 mM acetate (pH 5.5), 200 mM MES (pH 6.0 and pH 6.5), 200 mM phosphate (pH 6.5 and pH 7.0), 200 mM HEPES (pH 7.5 and pH 8.0), and 200 mM Tris (pH 8.0)). For each buffer, six salt conditions were tested (0 mM NaCl, 50 mM NaCl, 100 mM NaCl, 200 mM NaCl, 50 mM arginine/glutamic acid, and 50 mM Na 2 SO 4 ). To perform the DSF screening, 10 l of protein and 10 l of stock buffer solution were mixed before the addition of 2 l of SyproOrange (final dilution 1:1000).
To monitor the binding of compounds to p8, DSF was used where each well contained protein (70 -90 M in gel filtration buffer), ligand (from 4 to 1000 M; 1% (v/v) final DMSO), and SyproOrange (1:1000 final dilution). The control experiments were performed with buffer instead of protein solution in the same conditions. For each protein/ligand ratio, duplicates were performed, and each titration was repeated at least three times.
The p8 (histidine tag-cleaved) protein sample buffered in 50 mM Tris, pH 7.4, 150 mM NaCl, and 0.25 mM TCEP was loaded on a Superdex 200 Increase 5/150 column (GE Healthcare) using an Agilent 1260 Infinity LC chromatographic system (Agilent Technology) coupled to a multiangle light scattering (MALS) detection system. The column was equilibrated with a 0.1-mm filtered 50 mM Tris buffer, pH 7.5, 150 mM NaCl, 0.5 mM TCEP buffer. Data were collected using a DAWN HELEOS 8ϩ (8-angle) and Optilab T-rEX refractive index detector (Wyatt Technology). 100 l of protein sample at 140 M were loaded on the column, and the separation was performed at a flow rate of 0.4 ml/min at 15°C. Results were analyzed using ASTRA version 6.1 software (Wyatt Technology).
All NMR experiments were recorded at 298 K with 3-mm NMR tubes on a Bruker Avance 600-MHz spectrometer (Wissembourg, France) equipped with a proton-optimized triple resonance cryoprobe. Purity and solubility of selected compounds were checked using NMR. The ligands were first dissolved in deuterated DMSO (DMSO-d 6 ) at 100 mM concentration to prepare stock solutions before dilution to 1 mM in the NMR buffer (unless reduced solubility required us to decrease ligand concentration). The final DMSO-d 6 concentration in the NMR buffer (50 mM phosphate, 150 mM NaCl, pH 6.9) was 1%.
To enable a quantitative determination of ligand concentration and solubility, one-dimensional NMR spectra were recorded in NMR buffer containing DSS as NMR reference at a concentration of 100 M. Signal intensity for each ligand was compared with that of DSS.
The ligand-based STD experiments (20) were performed with 10 M protein and a 1 mM concentration for ligand. Onresonance and off-resonance irradiation frequencies were set to Ϫ104 Hz (Ϫ0.17 ppm) and 18,000 Hz (30 ppm), respectively, using selective 50-ms Gaussian-shaped pulses at a radiofrequency field amplitude of 86 Hz with a 100-ms delay between each pulse. The total duration of the saturation time was 2 s. A watergate sequence was used to suppress the residual water signal (50) .
To determine the dissociation constant, STD experiments were performed using a p8 concentration of 10 M and increasing concentrations of compound 12 from 250 M to 4 mM. The STD factor, defined as A STD ϭ (I 0 Ϫ I sat )/I 0 ϭ I STD /I 0 (where I 0 is the intensity of the signal in the reference experiment and I sat is the intensity of the same signal in the saturated spectrum), was determined for individual protons.
Protein-based 2D 1 H- 15 All data were acquired and processed using topspin version 3.5 software (Bruker Biospin). Overall rotational correlation times of the proteins were estimated using 15 N, 1 H TRACT experiments that measure the difference between the two relaxation rates for ␣ and ␤ spin states (17) .
Nano-LC-MS and MSMS analyses of intact p8 were performed on a nanoRS UHPLC system (Dionex) coupled to an LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher Scientific). After incubation of p8 with compounds 12 or 19, samples were diluted to 1 M in 2% acetonitrile (ACN), 0.2 formic acid (FA), and 5 l were loaded on a C4-precolumn (300-m inner diameter ϫ 5 mm, Thermo Fisher Scientific) at 20 l/min in 5% ACN, 0.05% TFA. After a 5-min desalting, the precolumn was switched online with the analytical C4 nanocolumn (75-m inner diameter ϫ 15 cm, in-house packed with C4 Reprosil) equilibrated in 95% solvent A (5% ACN, 0.2% FA) and 5% solvent B (0.2% FA in ACN). Proteins were eluted using the following gradient of solvent B at a 300-nl/min flow rate: 5-40% during 0.5 min; 40 -99% during 7.5 min, followed by 6 min at Targeting TTD-A to reduce transcription 99% and 2 min at 5%. The LTQ-Orbitrap Velos was operated either in single MS or in data-dependent acquisition mode with the XCalibur software. MS scans were acquired in the 500 -2000 m/z range with the resolution set to a value of 60,000. For top-down experiments, survey scan MS were acquired in the same way, with a resolution at 60,000. Precursor ions were selected from an inclusion list established thanks to previous MS analyses and were fragmented by collision-induced dissociation or higher-energy collisional dissociation, and the resulting fragment ions were analyzed in the Orbitrap, at a resolution of 60,000. Isolation width was set at 5 m/z, and normalized collisional energy was set at a value of 35% for collision-induced dissociation fragmentation and 30% for higher-energy collisional dissociation. MS spectra were deconvoluted with the Xtract algorithm, and MSMS spectra were analyzed manually.
Mouse embryonic fibroblasts were isolated from the XPB-YFP ϩf/ϩf and XPB-YFP ϩf/ϩf TTDA Ϫ/Ϫ mouse models were isolated at 10.5 days post-coitus and cultured in a 1:1 mixture of Dulbecco's modified Eagle's medium and Ham's F10 (Lonza) with 10% fetal calf serum and 1% penicillin-streptomycin (Gibco) at 37°C, 3% O 2 , and 5% CO 2. Cells were treated with compounds 10 (mock), 12, and 19 for 1-6 days with doses ranging from 1 to 3 M (higher concentrations were found to be cytotoxic). A 10-day treatment at 3 M was chosen as an optimum for effect size.
ES cells and chondrocytes were isolated as described previously (25) . Cells were treated with protein synthesis inhibitor cycloheximide (133 g/ml) for 24, 48, and 72 h. Proteins were separated on SDS-PAGE composed of bisacrylamide (37.5:1), blotted onto a polyvinylidene difluoride membrane (0.45 m, Millipore), and analyzed using the following primary antibody: anti-HA 3F10 (rat IgG1, Roche Applied Science). A fixed number of cells (200,000) were loaded in each well. Western blotting was performed as described previously (51) , and protein bands were visualized via ECL (enhanced chemoluminescence; Pierce ECL Western Blotting Substrate) using horseradish peroxidaseconjugated secondary antibodies.
Quantification of fluorescence levels followed a procedure similar to that described previously (52) . In brief, cells expressing XPB-YFP were imaged using a Zeiss LSM 710 confocal microscope with a ϫ40, 1.3 numerical aperture oil immersion objective. All images were obtained at constant acquisition parameters so as to preserve relative fluorescent quantities within a given set of experiments. The resulting images were analyzed using the ImageJ program (53) as follows; after background subtraction, the total fluorescence signal present in the nucleus of individual cells was estimated and then averaged along with more than 90 cells over two or three independent experiments. The resulting data for the different conditions were then normalized to the compound 10 (mock)-treated case.
RNA detection was performed using the Click-iT RNA Alexa Fluor imaging kit (Invitrogen), according to the manufacturer's instructions. Briefly, cells were treated with the different drugs for 6 days and incubated for 16 h at 37°C, 3% O 2 , and 5% CO 2 . Then cells were incubated for 2 h with 5-ethynyl uridine, fixed, and permeabilized. Cells were incubated for 30 min with the Click-iT reaction mixture containing Alexa Fluor Azide 594.
After washing, the coverslips were mounted with Vectashield (Vector). Images of the cells were obtained with an LSM 710 Zeiss confocal microscope and constant acquisition parameters, and then the average fluorescence intensity per nucleus was estimated after background subtraction (ImageJ) and normalized to the mock-treated cells. For each sample, at least 100 nuclei were analyzed from three independent experiments. 
